The adsorption experiments of two kinds of kelps, large brown algae seaweeds, Saccharina japonica and Saccharina sculpera, have been carried out for the aqueous solution Cu 2? ions. A copper uptake of around 0.3 mmol per gram of kelp powder with particle size under 250 lm was observed for the former brown algae at the equilibrium copper concentration of 19 mg/L. It was found that further increase in the copper concentration gave rise to the increase in the metal uptake, reaching 1.9 mmol/g kelp at 47 mg/L. This increase was presumably due to the diffusion of the ion through the gel, formed at the initial stage of the adsorption, into the inner alginates of the kelp. Titration measurements allowed us to gain a quantitative understanding of the apparent surface concentration of the adsorption sites as well as the adsorption capacity.
Introduction
Extraction of useful metals or removal of heavy metals from industrial wastewater is a matter of great concern in both the environmental and industrial technologies. Adsorption technology is one of the promising metal recovery or removal methods, and a great variety of adsorbents have been developed so far. The application of biological resources as adsorbents is called biosorption [1, 2] . Among the various types of biomass, algal biomass serves as highly promising biosorbent, and much research has been carried out [3] [4] [5] [6] .
Kelps are kinds of brown algae, and are commonly used as a base ingredient in Japanese food. In 2016 ca. 58,000 tons were harvested in Japan, more than 97 percent of which were from Hokkaido island [7] . Kelp wastes are discharged during the selection and cutting processes, and, therefore, it is important to develop an effective utilization of kelp wastes. Kelps contain many polysaccharides, such as alginate and fucoidan, within the kelp cells. Saccharina japonica, SJ, formerly called Laminaria japonica, is one of the most popular kelps in Japanese foods; the amounts of alginate and fucoidan reach up to * 20 weight % and 3 weight % in dry matter basis, respectively [8] [9] [10] [11] .
It is known that these acidic polysaccharides have superior cation exchangeability. Various types of polysaccharides, including alginate [12] and fucoidan [13] , have been examined in the literature for their ion-exchange capability. It has been found that alginate shows an excellent cation complexation capacity among the natural biopolymers. The coordination chemistry of the divalent cation is recognized as the insertion of ions into a cage of the polymer chain, known as egg box model [14] .
In the present paper, we focus on the biosorption of SJ and Saccharina sculpera, SS, both being abundantly harvested in the southern part of Hokkaido island, Japan. The latter brown algae are particularly famous and well known as kelps containing an abundant quantity of viscous polysaccharides and are recognized as a specialty in the region.
The biosorption of SS has not been examined so far, while that of SJ was examined in the literature. However, studies of SJ have been limited to a low metal The contributing editor for this article was T. Hirato. concentration range in the aqueous solution, less than 10 mmol/L [15, 16] , and also the information on the ionexchange sites is scarcely available. In the present study, we have examined the wider metal concentration range, also discussing the adsorption mechanism based on the results of ion-exchangeable sites in the biosorbent body.
Experimental

Materials
Both SJ and SS were harvested from the Hakodate area in the southern part of Hokkaido island, Japan. They were washed with water rigorously, sun-dried, and then cut using a cutter mill. The sample powders were sieved under 250 or 350 lm. The experimental results presented here are presumed to be for kelp powders under 250 lm unless specified otherwise in the following.
Adsorption Experiment
We carried out batch-type adsorption experiments for the examination of metal uptake of kelps. In typical runs, 200 mL of copper solution (Cu 2? concentration of 30 mg/ L)-prepared with CuSO 4 Á5H 2 O or Cu(NO 3 ) 2 and pure water-and sample powders of 100 mg each were added into a beaker. The results presented will be mainly for copper nitrate unless specified otherwise. The sample solution was kept under constant stirring at the rotary speed of 500 rpm by means of a magnetic stirrer. The sample solution was stored in a temperature-controlled sand bath. Preliminary tests revealed that higher metal uptake was achieved at higher temperature. One of the reasons for the favorable adsorption at high temperature may be the exposure of the alginate to the kelp body. We set, therefore, the temperature at 60°C for the adsorption experiments throughout this study, unless specified otherwise. Still, higher temperature may give higher metal uptake; however, the experiments are limited because of the evaporation of aqueous solution. The evaporation of the solution could be neglected in the examined experimental time. Kelp powders were added into the flask under constant stirring. Solution samples were taken out every 15 min, and the copper concentration in aliquots was measured using ICP-MS (Perkin-Elmer, ELAN DRC-e). The adsorption capacity was then calculated from the concentration data of the solution.
Determination of Strong and Weak Acidic Groups
Following the methodology by Fourest and Volesky [17] and Katz et al. [18] , we carried out the potentiometric and conductometric titrations for the determination of strong and weak acidic functional groups in the kelp sample. In a typical run, 200 mg of sample powder was added to 100 mL of 0.1 M HCl aqueous solution, and then dispersed for 60 min by agitation at 500 rpm. This procedure was required for the complete conversion of acidic functional groups to protonated form. After filtration of powder sample, 200 mg of the powder was dispersed in 100 mL of 1 mM NaCl aqueous solution. Titration was carried out with stepwise addition of 0.2 mL of 0.1 M NaOH solution. After 1 min of the addition of alkaline solution, the pH and electrical conductivity were measured using pH meter F-52 and benchtop conductivity meter DS-71 (HORIBA), respectively.
FT-IR Analysis of Kelp Powder
FT-IR analysis of the kelp powder before and after biosorption experiment was performed. A mixture of 10 mg of kelp powder and 100 mg of KBr was dried in an oven at 60°C for 24 h, and then pelletized to a disk of 3 mm diameter for the measurements using a FT/IR-6100 analyzer (JASCO).
Results and Discussion
Quantification of Ion-Exchange Sites Figure 1 shows the potentiometric and conductometric titration curves of both kelps. For comparison, the literature data of the titration curves of the brown seaweed Sargassum fluitans, SF, [17] are also shown in the figure. The literature data begin with ''negative'' NaOH addition, which means the titration of the known amount of HCl added prior to the titration. The potentiometric curve of SF shows two equivalent points around 0.3 and 2 mmol/g SF. The authors hypothesized that the first point corresponds to the neutralization of strongly acidic groups, i.e., sulfonate, and the second point to weakly acidic group, i.e., alginate. The contents of sulfonate and alginate could be, thus, determined as 0.3 and 1.7 (= 2-0.3) mmol/g SF, respectively. The total contents of the acidic groups were determined as the neutralization point at pH of 7, i.e., 2 mmol/g kelp for SF, while they were 3 and 1.5 mmol/g kelp in the case of SJ and SS, respectively.
In the potentiometric curves of SJ and SS, the first equivalent point is not clearly recognized, as found in the previous study on the titration method for the determination of functional groups in pulp [18] .
The conductometric curve begins with a short decreasing portion, then after the constant region, it shows the increasing branch. The former decreasing branch is attributed to the neutralization of the proton dissociated from the acidic groups [18] . The constant region is attributed to the progressive neutralization, and in parallel the conductivity increases as sodium alginate is dissolved into the solution. The curve of SJ showed clearer descending branch than SS. This is possibly due to the existence of more acidic groups, as almost double of NaOH is required for the neutralization in the titration.
The intersection of the decreasing branch and the slightly increasing portion, which is in accordance with the first equivalent point in the potentiometric curve, corresponds to the content of sulfonate groups. The first equivalent point in the potentiometric curve is not clearly determined, though the intersection point is slightly higher for SJ in comparison with SS. The result suggests the higher sulfonate content in SJ, although the literature data show the comparable or even slightly lower sulfonate content, i.e., 3.32% for SJ and 3.75% for SS in dry matter basis [10] . Therefore, the interpretation and comparison of conductometric titration data are not straightforward when rather different amounts of alginate exist among the kelp species.
Adsorption Profile
The adsorption profile was examined for 100 mg of kelp sample above and powder under 350 lm mixed with 200 mL of CuSO 4 solution. Figure 2 shows the results for SJ and SS powders. SJ showed higher metal uptake than SS, indicating the difference in the contents of ion-exchangeable functional groups. In the present test, the highest metal uptake of ca. 0.90 mmol/g kelp was observed for SJ under 350 lm. This adsorption capacity is enough to reach the typical effluent standard value of 3 mg/L, determined by the Ministry of the Environment, Japan, from 30 mg/L Cu(II) solution, which corresponds to the adsorption of 0.85 mmol/g kelp.
It is considered that the ion exchange is responsible for the metal uptake by kelp powder. Therefore, the pH value of the solution should influence the metal uptake. Figure 3 shows the adsorption profiles of SJ and SS powders at different solution pH values. It is clearly seen that the adsorption capacity decreases at low pH value. The ionexchange reaction between the copper ion and protons of carboxylic groups in alginic acid and sulfonate groups in fucoidan is less favorable at lower pH. In the present case, the complexation of divalent ion should be considered. Well-known egg box model is responsible for calcium complexation in the case of alginate, and the similar complexation is expected for copper ion exchange. Figure 4 shows the adsorption isotherm at 60°C measured with copper nitrate solution for kelp powder under 250 lm. The adsorption capacity increased with the increasing copper ion concentration, reaching a constant value of around 25 mg/L. Further increase in metal concentration led to the significant increase in the metal uptake, reaching 1.5-2.0 mmol/g kelp at the copper concentration of around 45 mg/L. Such stepwise adsorption isotherms were also observed for the adsorptions of Mn(II) and Cu(II) on the crosslinked chitosan gel beads [19] and alginate gel beads [20] . The first step of the isotherm was analyzed in terms of Langmuir-type adsorption:
Adsorption Isotherm and Mechanism
where a is constant, q and q max are the metal uptake and the Langmuir-type maximum metal uptake in mg/g kelp, respectively, C is the equilibrium metal concentration in mg/L. Figure 5 shows the Langmuir plot for the equilibrium metal concentration of up to 25 mg/L, exhibiting a good correlation. The values of q max are calculated as 0.3 and 0.8 mmol/g kelp for SJ and SS, respectively. These values are rather smaller than the neutralization points in the potentiometric titration, i.e., 3 mmol/g SJ and 1.5 mmol/g SS.
Rorrer et al. considered the pore blockage due to the first-layer adsorption of metal ions [19] , while Gotoh et al. attributed the stepwise adsorption isotherm to the shrinkage of gel beads [20] . In both cases, the barrier of ion diffusion would result in the apparent stepwise adsorption isotherm curve. In the present case, ion exchange takes place from interface of alginate and fucoidan into the inner space. Thus, the adsorption or absorption process is diffusion controlled. At the early stage of adsorption, the adsorption equilibrium reaches immediately, forming gels on the kelp surface. In the present case, 10 and 53 percent of the total acidic groups correspond to the ''first'' gel layer for SJ and SS, respectively. Larger percentage of SS can be ascribed to the existence of viscous polysaccharides on the kelp surface, as this species is well known as a ''viscous'' kelp, as mentioned in introduction.
The ion exchange at the second step in the isotherm takes place through the relatively rigid gels formed at the first step. A large driving force is required for the ion exchange between the metal ions in the solution and the ion-exchange sites inside the gel, which can be realized at high metal concentration. The apparent stepwise adsorption isotherm can be explained in this way, and the second step is possibly dependent on the mechanical property of the gel resulting from the reaction between alginate or fucoidan and the ions. The metal uptake of SJ at the second step in the isotherm (1.9 mmol/g SJ at C = 47 mg/L) exceeds that of SS (1.7 mmol/g SS at C = 49 mg/L), which is comparable with the total ion-exchangeable sites determined by titration, i.e., 3 mmol/g SJ and 1.5 mmol/g SS. Slightly larger metal uptake of SS suggests that the copper uptake may also take place through the physical uptake of the solution, e.g., swelling. Further mechanistic studies on the gel formation as well as the ion exchange through gels can clarify the details of the stepwise adsorption isotherm.
As for the influence of anions, there may be a slight difference in the adsorption capacity, as found by comparison with results in the previous section (Fig. 2 , copper sulfate) and this section (nitrate). However, we cannot afford to discuss further because of the limited data with different powder sizes. Figure 6 shows the FT-IR spectra of SS powder before and after the adsorption measurement. The absorption peaks at 1089 and 1629 cm -1 correspond to the stretching modes of C=O and S=O bonds [21] , arising from the alginate and fucoidan, respectively. The former peak disappeared after the copper adsorption, indicating the contribution of sulfonates for the adsorption. On the other hand, the alginate peak did not show the apparent change after the adsorption measurement. The ion-exchange mechanism is identical in the whole copper concentration range. No structural changes in alginate take place, although the sulfonate group is significantly affected by the dosage of copper. Therefore, further studies on the complex structure should be carried out for the sulfonate-rich natural polymers.
FT-IR Analysis of Kelp Powders
Summary
Two types of brown algae, Saccharina japonica and Saccharina sculpera, have been examined for their Cu 2? adsorption. The former kelp showed better adsorption capacity of around 0.3 mmol Cu per gram of the kelp powder at the equilibrium copper concentration of 19 mg/ L. Up to this equilibrium copper concentration, adsorption behavior was well characterized by Langmuir-type isotherm. Titration measurements showed that 10 and 53 percent of ion-exchange sites were consumed for the Langmuir-type adsorptions of SJ and SS, respectively. Further increase in the copper concentration gave rise to the increase in the metal uptake, reaching up to 1.9 mmol/g SJ, ca. 2/3 of the whole ion-exchangeable sites as determined by titration method. The stepwise adsorption isotherm arises presumably due to the gel barrier, formed at the initial stage of the adsorption, which requires the large driving force for the ion exchange between the metal ions in solution with the inner alginates of the kelp. 
